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Background & aims: Gut health relates to a diet with a high digestibility and quality. Limited data are
available on the acute effects of low quality foods on gut metabolism and the consequences for liver
metabolism.
Methods: A meal with the low quality protein gelatin (tryptophan deﬁcient and low amount of essential
amino acids) was compared to a meal with the high quality protein Whey and a tryptophan supple-
mented gelatin meal (Gel þ TRP) in healthy pigs with chronic implanted catheters. In a conscious state,
amino acid, ammonia, urea, glucose and lactate ﬂuxes across the portal drained viscera (PDV) and liver
were studied for 6 h after administration of the protein meal.
Results: The average net portal appearance of amino acids was 99.8  14.6% of the intake in the Gel group
as compared to 61.4  9.0% (p ¼ 0.022) in the Whey group. In addition, a net portal appearance of
tryptophan was observed in the Gel group (p ¼ 0.005) of about 42% of tryptophan released in the Whey
group. Intestinal energy metabolism and citrulline productionwas not affected. Adding tryptophan to the
Gel meal diminished net portal AA appearance to 41.6  24.0% of the intake (p ¼ 0.012), but did not
reduce the stimulated liver urea production.
Conclusions: In the post-prandial phase after intake of a low protein quality meal, net anabolism in the
healthy intestine is absent. It is likely that the intestine responds with a net breakdown of endogenous
(labile) proteins to secure amino acid availability for the body. Addition of the ﬁrst limiting essential
amino acid to this meal improved protein anabolism in the intestine. Protein quality of a meal is related
to the anabolic response of the intestine during the meal.
 2011 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism.
Open access under the Elsevier OA license.1. Introduction
A healthy gut is important for overall body health. The gut
controls digestion and absorption of dietary protein and amino
acids (AA), and therefore regulates the availability of substrates to
the liver, muscle and other organs. Although the intestine in the
prandial phase receives AA both from the small intestinal luminal
side and via the systemic circulation, it has been observed that the
intestine preferentially utilizes AA from the diet for its own
metabolism. Luminal contact with nutrients is very important in
the regulation of intestinal protein metabolism. Feeding is known
to rapidly stimulate protein synthesis in the intestine1,2 as reﬂected
by the large intestinal extraction during enteral feeding. Approxi-
mately 50% of dietary amino acid intake is used by the portal-search in Aging & Longevity,
1, University of Arkansas for
Little Rock, AR 72205, USA.
.
for Clinical Nutrition and Metaboldrained viscera, but this percentage varies between different
amino acids and diets.3e9
Stimulation of overall protein anabolism by protein meals is
reﬂected by the rapid stimulation of intestinal protein synthesis.6,10
This means that the protein synthesizing capacity of the intestine
depends on the same factors as whole body anabolism like the
quality of the dietary protein source and the presence of carbohy-
drates in the protein meal.4,9 We postulated that a high-quality
dietary protein source stimulates amino acid utilization in the
intestine for protein synthesis.11 After temporary retention of die-
tary protein as newly synthesized protein in the intestine, a tapered
release of AA after the meal will ensure a more prolonged supply of
AA to other tissues of the body. In this way, the intestine can act as
a “buffer” or what is called, the labile protein pool.11
A low quality protein meal is deﬁned as a meal containing
a normal amount of macronutrients and a protein source with low
digestibility or a deﬁcient/low amount of essential (indispensible)
amino acids (EAA). In disease states, a meal with a low amount of
functional and/or conditional EAA is also considered as low
quality.5,12,13 It is hypothesized that intake of low quality food playsism. Open access under the Elsevier OA license.
Table 1
Composition of experimental test meals.e
Substance Unit Controla Wheyb Gelc Gel þ TRPd
ContIon ContOsm
Nitrogen g/kg bw 0.0 0.0 0.1875 0.1875 0.1875
Protein g/kg bw 0.0 0.0 1.44 1.11 1.11
Tryptophan mg/kg bw 0.0 0.0 0.0 0.0 8.83
Maltodextrin g/kg bw 0.0 0.0 4.69 4.69 4.69
Sodium mM 42.5 148.4 42.5 42.5 42.5
Chloride mM 61.1 167.0 45.0 45.0 45.0
Potassium mM 0.73 0.73 0.73 0.73 0.73
Calcium mM 8.92 8.92 8.92 8.92 8.92
Osmolariteit mOsm 113.25 325.05 300.66 325.04 325.04
a The control test meal (Control) was either a solution of electrolytes iso-osmolair
to the other test meals (ContOsm) or a solution with similar amount of sodium,
potassium and calcium ions (ContIon).
b Whey protein meal (Whey):Whey Protein Isolate, 90% w/w protein, supplied by
DMV International, Veghel, The Netherlands.
c Gelatin protein meal (Gel): Gelatin, 97% w/w protein, (SoluGel P) supplied by
PB Gelatines, Tessenderloo, Belgium.
d Gelatin protein meal with added amino acid tryptophan (Gel þ TRP). Total
amount of tryptophan added (T 0254, Sigma Chemicals CO, St. Louis, U.S.A.:
8.83 mg ¼ 43.2 mmol) is sufﬁcient to make tryptophan not the limiting amino acid
(Cortamira et al., 1991).
e Total nitrogen of the protein was determined by an elementary analyzer (CHN-
O-RAPID, Heraeus, Hanau, F.R.G.). All the protein meals were iso-nitrogen, iso-ionic
(for sodium, chloride, potassium and calcium) and iso-tonic. They contained
a similar amount of maltodextrins: Maldex 20, supplied by Amylum NV, Aalst,
Belgium, is 28 mmol glucose/kg bw. Test meal ingredients were dissolved in trice
distillate water (MilliQ) and electrolytes (NaCl, KCl and CaCl2) were added to the
indicated concentrations. The test meals were prepared the day before the experi-
ment, kept over-night at 4 C and heated up in a warm water bath to 37 C just
before the intra-gastric administration. Test meal volume was 20 ml/kg bw.
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situation often present in developing countries.14e17
Previous studies examining the effects of low quality food
mainly focused on whole body growth.18e20 Limited data are
available of the direct effects of low quality foods on gut metabo-
lism and the consequences for liver metabolism. Previously, we
showed that intake of soy protein, characterized by low levels of
essential amino acids, resulted in a higher net release of essential
amino acids into the portal system, higher levels of liver urea
production and lower values for net protein synthesis than high
quality casein protein.10,21 The different digestion and absorption
rate of the two protein meals could partly explain this observation.
The splanchnic tissues like gut and liver potentially can act as a gate
keeper to dietary amino acid delivery to peripheral tissues.
Furthermore, we3 observed that intake of a pure blood protein
mixture, deﬁcient of the essential amino acid isoleucine, resulted in
increased net portal appearance of AA. Subsequent intravenous
infusion of isoleucine was able to normalize the portal appearance
of AA.
Information is still lacking whether the relative portal release of
AA is increased in low quality protein meals with comparable
digestion and absorption rates, and if low quality protein meals
indeed will not stimulate intestinal net protein synthesis.
Furthermore, it is unknown whether adding of the deﬁcient AA to
the meal will normalize the intestinal response to the meal.
In the present study, we examined the metabolic responses in
the portal drained viscera (PDV) and liver to a gelatin protein meal
(with low levels of EAA and TRP deﬁcient) as compared to a high
quality whey protein meal. In addition, we studied the effects of
TRP supplementation to the gelatin protein meal. We hypothesize
that adding tryptophan to a gelatin meal will mainly improve
intestinal metabolism. The experiments were performed in
healthy pigs with chronic implanted catheters, as models in pigs
are viewed to be an excellent model for human gastro-intestinal
tract and nutrition research in relation to gut and liver
metabolism.4,22e24
2. Materials and methods
2.1. Animals
Ten female crossbred (Yorkshire x Dutch Landrace: 20e22 kg)
piglets were used. They were housed individually inside galvanized
bar runs (2 by 3 m) equipped with an automated watering device
and PVC-coated ﬂoors. During the whole experimental period, the
piglets were fed sow feed (Landbouwbelang, Roermond, the
Netherlands; 16% protein) onwhich the pigs grow at a rate of about
2 kg/week. This study was approved by the Animal Ethics
Committee of the Maastricht University.
2.2. Surgical procedure
To perform cross-organ balances, several catheters are implan-
ted under anesthesia as previously described.13,22 Catheters for
blood sampling were placed in the abdominal aorta, the portal vein
and the hepatic vein. Catheters for the infusions of post-operative
medication or para-aminohippuric acid solution (PAH) for ﬂow
measurement were placed in the central vein and splenic vein.
Finally, a gastric catheter was placed.
2.3. Postoperative care
Postoperative care was standardized as previously
described13,22 and the pigs remained healthy without signs of
infection. During the recovery period the animals becameaccustomed to a small movable cage (0.9  0.5  0.3 m). After
a recovery period of 7e10 days, this cage training ensures that the
testing of the experimental meals was done in conditioned and
conscious animals, standing or recumbent in the small cage.2.4. Experimental protocol
After a recovery period, four different experimental diets were
tested in each pig in random order (Tables 1 and 2). The period
between the tests was 2e3 days. The following meals were given:
an high quality protein meal with a relative high amount of EAA,
high digestion and fast absorption rate:Whey proteinmeal (Whey).
Secondly, a low quality protein meal with relative low EAA’s,
a deﬁcient EAA (TRP) but comparable digestion and absorption
rates as the Whey meal: gelatin protein meal (Gel). Third, a gelatin
protein meal to which the limiting amino acid tryptophan
(Gel þ TRP) was added in a sufﬁcient amount to make tryptophan
not the limiting EAA.25 All the protein meals were iso-nitrogen, iso-
ionic (for sodium, chloride, potassium and calcium), iso-tonic and
contained a similar amount of maltodextrins. The amount of
protein and carbohydrates in the test meal represents about 30% of
the normal daily intake of the pig of this age. The control test
mixture did not contain any macronutrients and was used as
control for volume, osmolarity and ion intake. This testmixturewas
either a solution of electrolytes, iso-osmolar to the protein meals
(ContOsm) or an iso-ionic solution for sodium, potassium and
calcium ions (ContrIon). Each control mixture was given in 5
animals.
Foodwas withdrawn 16 h prior to each test day. On the morning
of a test day, a primed-continuous infusion of para-aminohippuric
acid via the splenic catheter (PAH 25 mM, iso-tonic, Sigma Chem-
icals CO, St. Louis, U.S.A.) at a rate of 60 ml/h after an initial bolus of
5ml PAH solutionwas given. After taking initial blood samples from
the arterial, portal and hepatic vein catheter, the liquid test meal
Table 2
The amino acid content of the Gelatine and Whey protein isolate.
Amino acid Gelatina Wheyb
mmol/kg bw
given in the
meal
mmol/kg bw
given in the
meal
ASP 180 573
ASN 253 363
GLU 431 1035
GLN 320 713
SER 178 535
GLY 3168 250
THR (essential) 226 688
HIS (essential) 83 106
ALA 1249 738
ARG 552 195
TYR 52 207
VAL (essential) 280 640
MET (essential) 45 213
ILE (essential) 179 616
PHE (essential) 155 227
TRP (essential) 0 92
LEU (essential) 268 1044
LYS (essential) 305 770
Sum amino acids 7924 9007
Sum N of amino acids 9767 10774
Sum N of non-ess. amino acids 8105 6286
Sum N of ess. amino acids 1662 4488
CYSc 28 233
PRO 1150 753
HydroxyPRO 1090 0
HydroxyLYS 50 0
The amino acid content of the protein is determined in triplicate with methods,
suggested by the FAO/WHO (FAO/WHO 1991) and were determined by the
manufacturer.
a The content of glutamine and asparagines in the Gelatine are calculated from
amino acid compositions (from protein sequencing) given by Genome Net (Kyoto
University Bioinformatics Center, Japan), assuming that the Gelatine used contains
mainly collagen, type V, alpha 2 [Sus scrofa] (code AB191304.1, National Center for
biotechnology Information, USA).
b The content of glutamine and asparagines in the Whey protein isolate are
calculated from amino acid compositions (from protein sequencing) given in
Table A-6 from Walstra and Jennes (Walstar and Jennes 1984) for individual milk
proteins, assuming that the (bovine) Whey protein isolate contains 85% of b-lacto
globulin and 15% of a-lactalbumin (data DMV international, Veghel, The
Netherlands).
c The amounts of cysteine, proline, hydroxyproline and hydroxylysine are not
included in the total amount of amino acids, because these amino acids were
undetected in the amino acid analysis, and the values given are tabulated values.
A
B
C
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Blood samples were taken at the time intervals as indicated in the
ﬁgures (Figs. 1e3), and used for amino acid and PAH concentrations
analysis.Fig. 1. Arterial amino acid nitrogen (AA_N)(A), essential amino acid nitrogen (EAA_N)(B)
and amino acid nitrogen (non EAA_N)(C) concentrations, in mM, in post-absorptive state
(Control, n¼ 9) andduring 6 h after administration ofWhey protein (Whey, n¼ 8), gelatin
(Gel, n ¼ 9) or gelatin þ tryptophan (Gel þ TRP, n ¼ 9) meals. Values are mean  SEM.
ANOVA tested, signiﬁcant meal effect (p < 0.05): (A) protein meals vs. Control; (B)Whey
vs. all other testmeals; (C)proteinsvs. control,Wheyvs.Gel groups. Signiﬁcant interaction
(p < 0.05): (A) Control vs. protein meals, Gel vs. Whey; (B) Control vs. all protein meals,
Whey vs. all test meals; (C) Control vs. Gel groups, Gel vs. Whey.2.5. Sample processing
Immediately after collection, the blood samples were placed on
ice and hematocrit (Ht) was measured. All samples were centri-
fuged at 4 C for 5 min at 8500 g in an Eppendorf 5413 centrifuge to
obtain plasma. For glucose and lactate determinations, 300 ml of
whole blood was centrifuged in sodium ﬂuoride containing tubes
(Microvette FH, Sarstedt, Nümbrecht, Germany). For PAH deter-
minations, 300 ml of whole blood was added to 600 ml of 12% Tri-
chloroacetic acid solution, thoroughly mixed and centrifuged. For
ammonia and urea determination 200 ml plasmawas collected, and.
for amino acid analysis, 100 ml of plasma was deproteinized with
4 mg dry sulfosalicylic acid. All prepared samples were subse-
quently snap frozen in liquid nitrogen and stored at 70 C until
further analysis.2.6. Biochemical analysis
Plasma ammonia, urea, glucose and lactate were determined
spectrophotometricallybystandardenzymaticmethodsasdescribed
previously4,26,27 with commercial available kits on a centrifugal
analyzer system (Cobas Bio, Hoffmann-La Roche, Basel, Switzerland).
Urea values were corrected for ammonia. PAH concentrations were
determined spectrophotometrically after deacetylation of the
supernatant at 100 C for 45 min as previously described.4,22,26
Plasma AA were determined with a fully automated HPLC system
after pre-column derivatization with o-phthaldialdehyde.28
2.7. Calculations
Plasma ﬂow was calculated by means of an indicator-dilution
technique as described. 4,13,22
Plasma flow ¼ infusion rate ½PAHinfused=ð½PAHpost
 ½PAHpreÞ
G.A.M. Ten Have et al. / Clinical Nutrition 31 (2012) 273e282276[PAH] infused is the concentration of PAH in the infused solu-
tion, [PAH]post is the concentration in plasma after the organ and
[PAH]pre in plasma before the organ. Plasma PAH concentrations
were used and calculated as [blood PAH]* (100/(100-Hematocrit)).
Plasma ﬂow was expressed as ml$kg BW1$min1. Organ plasma
ﬂow is highly dynamic and depends on the high variance in cardiac
output in conscious subjects.29 This means that measuring indi-
vidual plasma ﬂow can have a high variance. Therefore, multiple
measurements were done in time and transorgan ﬂuxes were
calculated with the mean plasma ﬂow for each time point of each
experimental group. PDV ﬂux was calculated by multiplication of
the portal-arterial concentration difference with the portal plasma
ﬂow. Liver ﬂux was calculated by the subtracting PDV ﬂux from theA
B
C
Fig. 2. PDV ﬂuxes of amino acid nitrogen (AA_N)(A), essential amino acid nitrogen
(EAA_N)(B) and amino acid nitrogen (non EAA_N)(C) in mmol/kg bw/min, in post-
absorptive state (Control, n ¼ 8) and during 6 h after administration of Whey
protein (Whey, n ¼ 7), gelatin (Gel,n ¼ 9) or gelatin þ tryptophan (Gel þ TRP, n ¼ 6)
meals. Values are mean  SEM. ANOVA tested, signiﬁcant meal effect (p < 0.05): (A)
Control vs. all protein meals; Gel vs. Gel þ TRP; (B) Control vs. all protein meals; Whey
vs. Gel meals; Gel vs. Gel þ TRP; (C) Control vs. all protein meals; Whey vs. Gel; Gel vs.
Gel þ TRP. Signiﬁcant interaction (p < 0.05): (A) Control vs. Gel; Control vs. Whey; (B)
Whey vs. all other meals; (C) Control vs. Gel. Positive values ¼ release to portal sytem.
Negative values ¼ uptake from portal system.splanchnic ﬂux (hepatic-arterial concentration difference* liver
plasma ﬂow). Total net balance (net release or net uptake) of an
organ was calculated by the area under the curve (AUC) of the
respective ﬂux time course from t ¼ 0 h to the time, indicated. A
positive value of ﬂux or net balance means net release. A negative
value means net uptake.
In the present study, comparisons of groups of amino acids with
their nitrogen contents were done between protein meals of
a different quality and quantity of amino acid but comparable
amounts of nitrogen. Amino acid nitrogen (AA_N) was calculated as
the sum of N of all AA that were detected in the amino acid analyses
and therefore cysteine, proline, hydroxyproline and hydroxylysine
were not included (Table 2).The essential amino acid nitrogen
(EAA_N) and the non-essential amino acid nitrogen (nonEAA_N)
were calculated as the sum of N of EAA and non-essential amino
acids (non-EAA), respectively.
2.8. Statistics
Results are presented as means  SEM. Levels of signiﬁcance
were set at P < 0.05 unless stated otherwise. For statistical analysisA
B
C
Fig. 3. Total net balances across organs comparing with intake amounts of amino acid
nitrogen (AA_N)(A), essential amino acid nitrogen (EAA_N)(B) and amino acid nitrogen
(non EAA_N)(C), in mmol/kg bodyweight, over 6 h after administration of Whey protein
(Whey, n ¼ 8), gelatin (Gel, n ¼ 9) or gelatin þ tryptophan (Gel þ TRP, n ¼ 9) meals.
Organs showed are portal drained viscera (PDV), liver and total splanchnic area
(SPL ¼ PDV þ Liver). Values are mean  SEM. Signiﬁcance with Student t-test: P < 0.05,
indicated with hooks. Positive values ¼ release. Negative values ¼ uptake.
Fig. 4. Total net balances across the gut of amino acid nitrogen (AA_N), essential amino
acid nitrogen (EAA_N) and amino acid nitrogen (non EAA_N) as percentage of the
intake, over 6 h after administration of Whey protein (Whey, n ¼ 8), gelatin (Gel, n ¼ 9)
or gelatin þ tryptophan (Gel þ TRP, n ¼ 9) meals. Values are mean  SEM. Signiﬁcance
with Student t-test: p < 0.05, indicated with hooks.
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courses of plasma ﬂows, arterial concentrations and the organ
ﬂuxes of the test groups.. Student’s t-test was used to compare the
total amount of net release or net uptake of metabolites over the 6 h
experimental period (¼total net balances). One sample t-test was
used to determine if data are different from zero or from 100%. We
used Prism 5.04 (Graphpad.com) for statistical analysis.
3. Results
3.1. Main
Overall, catheters remained patent. Incidentally, some minor
technical problems were present with the hepatic catheter,
resulting in a reduced number of liver data points (especially in the
Gel þ TRP group). In this case, hepatic observations were under-
powered. As the results of the ContOsm group and ContrIon
group were not signiﬁcantly different, the results of these groups
were combined and discussed below as Control group.
3.2. Plasma ﬂow
PDV plasma ﬂow in time (not shown) after administration of the
protein meals Gel and Whey was higher compared to the post-
absorptive (Control) group (resp. p ¼ 0.005 and p ¼ 0.014). There
were no differences in liver plasma ﬂow. Mean plasma ﬂows over
the 6 h experimental period per group are given in Table 3.
3.3. Nitrogen balances
3.3.1. Amino acids
In the present study, nitrogen balances provided overall infor-
mation about the effects of protein meals with a different quality
and quantity of amino acid contents but comparable amounts of
nitrogen. Arterial AA_N (Fig. 1A) increased from approx. 3.7 mM at
T¼ 0 to a maximum of 6.2 mM at T¼ 1 h afterWhey feeding, and to
a maximum of 5.5 mM in both Gel groups at T ¼ 2 h. The levels of
the Gel groups did not return to baseline values at the end of the
experiment (Gel: p¼ 0.002,Gelþ TRP: p¼ 0.033). The shapes of the
arterial AA_N time courses of the Whey and Gel group were
signiﬁcantly different (ANOVA Interaction: p ¼ 0.010). In the
control group, the PDV was taken up AA (Figs. 2A and 3A). Despite
the fact that the Gel meals contained comparable amounts of
nitrogen, the Gel group showed a signiﬁcantly higher net release of
AA_N by the PDV over a 6 h period as compared to the Gel þ TRP
group (p ¼ 0.035) and was ﬁnished after 6 h. There were no
differences between the meals in AA_N ﬂuxes across the whole
splanchnic area.
The total amount of measured AA_N in the Whey and Gel meals
were slightly different. Therefore PDV AA_N net balances were
expressed as percentage of AA_N intake in Fig. 4. Thirty-nine
percent (p ¼ 0.022) of the AA_N intake in the Whey-group wasTable 3
Mean plasma ﬂow during the experimental period (6 h).
Organ n Control n Whey n Gel n Gel þ TRP
Plasmaﬂow
(ml/kg bw/min)
Portal drained
viscera
8 38  9 7 44  9 6 48  9 7 37  7
Liver 8 58  12 9 55  9 6 55  8 7 45  10
Mean plasma ﬂow during the experimental period (6 h) was calculated by inte-
gration of the respective plasma ﬂow time courses from T ¼ 0 h to T ¼ 6 h (area
under the curve divided by time). Values are mean  SEM. Signiﬁcance tested with
Student t-test: no signiﬁcance differences were observed.not released to the portal system. This is in contrast to the Gel group
where 99.8  14.6% of the intake was released into the portal
system. The Gel þ TRP group and Whey-group showed a compa-
rable release of AA_N.
3.3.2. Essential amino acids
The total net amounts of EAA_N (Fig. 3B) released by the PDV
after a test meal were different in all groups except between Gel
and Gel þ TRP group where only a tendency (p ¼ 0.097) was
observed. Seventeen percent of the intake (Fig. 4, p ¼ 0.033) in the
Whey-group was not released to the portal system. The released
amount of EAA_N as % of intake was in the Gel group higher
(p ¼ 0.046) than in the Whey group. A tendancy was observed that
it was higher (124  20%, p ¼ 0.12) than the intake. The released
amount as % of intake in the Gel þ TRP group was not signiﬁcantly
different as compared to the Whey-group. The arterial EAA_N time
courses (Fig. 1B) in the Gel groups were not different from the
level in the post-absorptive state, although the effect on the
arterial concentrations in time where signiﬁcantly different
(ANOVA Interaction: Gel p ¼ 0.001, Gel þ TRP p < 0.0001). In the
ﬁrst 2 h the arterial EAA_N concentrations in the Gel group were
higher than in the Control-group, but in the last 3 h of the
experiment the concentrations were below the Control-group
(post-absorptive) time course (Gel: p ¼ 0.003, Gel þ TRP:
p < 0.0001).
3.3.3. Non-essential amino acids (Figure 1C, 2C, 3C and 4)
As percentage of intake (Fig. 4), different amounts of non-
essential amino acid nitrogen (non EAA_N) were released by the
PDV over the 6 h feeding period. The Whey-group showed that the
equivalent of 54% of the intake (p < 0.0006) of non EAA_N was not
released to the portal system. This percentage was signiﬁcantly
lower in the Gel group (5% of the intake, p < 0.012). The release of
non EAA_N in the Gel þ TRP group was comparable to that of the
Whey-group. Although the total absolute splanchnic release
(Fig. 3C) was comparable between all protein meals groups, arterial
non EAA_N concentration time courses (Fig. 1C) of the Gel groups
were signiﬁcantly higher (p < 0.0001), than the Whey-group and
did not reach baseline values at the end of the experiment (Gel:
p ¼ 0.003, Gel þ TRP ¼ 0.029).
3.3.4. Ammonia
Ammonia (NH3) (Fig. 5A) is a nitrogen-carrier mainly coming
from protein breakdown and production by the intestinal lumen
bacteria followed by NH3 uptake of the gut on the lumen side and
release into the portal system. Arterial NH3 was increased after
G.A.M. Ten Have et al. / Clinical Nutrition 31 (2012) 273e282278meal intake, but no signiﬁcant differences were observed between
the different meals. At organ level, an increased release of NH3 was
seen by the PDV after administration of a protein meal and NH3
uptake by the liverwas increased (Table 4). As a consequence no net
splanchnic release of NH3 was observed over the 6 h experimental
period.
3.3.5. Urea
Urea (Fig. 5B, Table 4) is the carrier of nitrogen coming from
amino acid breakdown and ammonia absorption, is mainly
produced by the liver. Arterial time course of urea concentration
and net urea production by the splanchnic area was enhanced in
the Gel groups in comparing to the Control group (Arterial time
course: Gel: p ¼ 0.030, Gel þ TRP: p ¼ 0.010) during the total
experimental period (6 h), which was mainly due to the increased
liver urea production.
3.4. The deﬁcient essential amino acid: tryptophan
TRP (Fig. 6) was deﬁcient in the Gel group but was added to the
meal in the amount of 43.2 mmol TRP per kg bodyweight in the
Gelþ TRP group. The TRP PDV ﬂux in the Gel groupwas biphasic: in
the ﬁrst hour it was not different from the control group. But in the
last 4 h of the experiment it was signiﬁcant higher than the control
group (p < 0.0001) and comparable with the Whey and Gel þ TRP
group. In the Gel þ TRP group, the PDV ﬂux in the ﬁrst hour was
higher than the Gel group (p ¼ 0.033) but not different from the
Whey group.
Remarkably this phenomenon resulted in a net PDV release
(Different from zero: p¼ 0.005) of TRP (Fig. 6C) in the TRP-deﬁcient
Gel group. The amount was 42% of the release in the Whey group.
Due to the biphasic shape of the PDV ﬂux time course in theA
C
Fig. 5. Arterial ammonia(A), urea(B), glucose(C), lactate(D), in post-absorptive state (Control
n ¼ 9) or gelatin þ tryptophan (Gel þ TRP, n ¼ 9) meals. Values are mean  SEM. ANOVA te
Gel þ TRP; (B) Whey vs Gel meals; (C) Gel vs. Gel þ TRP; (D) Gel vs. Whey only on T ¼ 2 hGel þ Trp group, the PDV net balance was not different from zero
(p¼ 0.551). Splanchnic ﬂux time courses showed the same patterns
(data not shown).
As in the PDV and splanchnic ﬂuxes, the group differences in
arterial TRP time courses (Fig. 6) were comparable in the ﬁrst hour.
But in the last 4 h arterial time courses didn’t reﬂect the PDV ﬂuxes:
the time course of the Gel group was signiﬁcant lower (p < 0.0001)
than the time course of the control group. Gel þ TRP group was not
different with the Whey group.3.5. Energy parameters
3.5.1. Glucose
Despite equal amounts provided, the arterial glucose concen-
tration time course of the Gel group was signiﬁcant higher
comparing to the Gel þ TRP group (p ¼ 0.003) with a maximum of
9.9 mM at T ¼ 1 h (Fig. 5C). Furthermore in all protein test meals,
a similar net PDV release of glucose, net uptake by the liver,
resulting in net splanchnic release was seen (Table 4). The mean
percentage of glucose released by the PDV was 82% of the glucose
intake during the 6 h feeding period.
3.5.2. Lactate
In a post-absorptive state, the systemic levels of lactate (Fig. 5D)
were around 0.5 mM in the control group. The PDV was releasing
lactate and the liver was taking up lactate, with net uptake across
the splanchnic region (Table 4). Lactate in the Gel group stayed
longer at the maximum level then in the Whey and Gel þ TRP
group, and returned to baseline values at T ¼ 4 h (ANOVA between
1 and 4 h: resp. p ¼ 0.003 and p ¼ 0.034). There were no signiﬁcant
differences in lactate production by the PDV between the testB
D
, n ¼ 9) and during 6 h after administration of Whey protein (Whey, n ¼ 8), gelatin (Gel,
sted, signiﬁcant meal effect (p < 0.05): (A)(C)(D)protein meals vs. Control (A) Whey vs.
. No time courses were different.
Table 4
Total net balance during the experimental period (6 h).
Substance n Control n Whey n Gel n Gel þ TRP
Glucose (mmol/kg bw)
Intake 28 28 28
Portal drained viscera 8 4.05  0.62 7 22.57  1.83a 9 25.61  4.65a 6 21.01  5.39a
Liver 8 7.15  1.37 6 8.11  4.92a 9 9.83  4.37a 4 2.19  5.29
Splanchnic area 9 3.11  1.49 7 15.26  4.20a 9 15.78  5.43a 7 16.85  3.84a
Lactate (mmol/kg bw)
Portal drained viscera 8 2.27  0.59 8 0.63  0.78 9 2.20  0.54 6 1.16  1.57
Liver 8 7.62  1.02 7 2.27  1.15a 9 6.25  1.02b 5 4.01  2.10
Splanchnic area 9 5.66  0.83 7 2.08  1.43a 9 4.06  0.82 8 2.15  1.75
Ammonia (mmol/kg bw)
Portal drained viscera 7 2.43  0.24 6 3.29  0.31a 8 4.13  1.09 6 3.94  0.53a
Liver 7 2.51  0.24 5 3.61  0.42a 8 4.40  1.09 4 4.31  0.51a
Splanchnic area 8 0.08  0.04 6 0.25  0.08a 8 0.26  0.03a 7 0.03  0.20
Urea (mmol/kg bw)
Portal drained viscera 7 1.09  0.53 6 0.23  0.27 8 0.92  0.73 5 1.45  1.59
Liver 7 0.50  0.94 5 1.77  0.67 8 3.49  1.19 4 4.97  1.41a,b
Splanchnic area 8 0.34  0.86 6 1.85  0.57 8 2.58  1.08a 7 3.40  0.78a
Citrulline (mmol/kg bw)
Portal drained viscera 8 230  58 7 227  26 9 255  17 6 178  36
Liver 7 43  72 6 21  19 9 9  37 4 46  39
Splanchnic area 8 206  41 7 267  35 9 264  45 7 233  29
Total net balance (production or uptake) across the organwas calculated by integration of the respective ﬂux time courses (area under the curve) from T¼ 0 h to T¼ 6 h. Values
are mean  SEM. Positive values mean net release. Negative values mean net uptake.
a Signiﬁcance with Student t-test: P < 0.05 versus Control.
b Signiﬁcance with Student t-test: P < 0.05 versus Whey.
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Whey group in comparison with the Gel group (p ¼ 0.015).
3.6. Intestinal function parameter: Citrulline
The PDV production of Citrulline is related to intestinal func-
tion.30,31 The PDV net production (Table 4) was comparable
between the post-prandial period and the post-absorptive state.
Also on the splanchnic level there were no net differences in CIT
release between the groups.
4. Discussion
In the present study, we examined the effects of a low quality
protein meal (gelatin protein in a protein-carbohydrate meal) on
intestinal metabolism, and whether improving the biological value
of this meal (by adding tryptophan) would affect intestinal, hepatic
metabolism and systemic availability of nutrients. PDV metabolism
was studied and assumed to be representative of intestinal
metabolism. We observed that after intake of a low protein quality
meal (Gel), the healthy intestine released into the portal vein an
equivalent amount of amino acids that was given with the meal
together with a substantial amount of the deﬁcient TRP. We also
observed a tendency that more EAA’s were released to the portal
system then consumed. It is likely that the intestine responds to
such a meal by net breakdown of endogenous (labile) gut protein.
Moreover at whole body level, post-prandial systemic EAA levels
were below post-absorptive levels, suggesting that net peripheral
protein synthesis is stimulated by meal intake itself. Finally, adding
the deﬁcient amino acid TRP to the meal resulted in normalized
intestinal net balance but not the systemic EAA and urea levels,
suggesting improved intestinal metabolism without improved
whole body response.
4.1. Quality of the model used
The studies were done in a normal physiological condition. We
found that plasma portal ﬂow values were not different between
the protein meals suggesting that the differences in portal ﬂowwillnot play a role in the observed differences in net balance. Net
balance data of amino acids across an organ only provide infor-
mation on the net uptake (net anabolism) or net release (net
catabolism) of those amino acids, and reﬂects the net result of
dynamic processes like (arterial) disposal, production, recycling of
endogenous secretions, synthesis, breakdown etc. These dynamic
processes cannot be quantiﬁed without amino acid isotope tracer
technology. In a post-prandial condition, net release of EAA to the
portal system (PDV net balance) does not reﬂect net catabolism as
the PDV absorbs amino acids from the luminal side. The PDV is in
a net catabolic state when release of EAA is more than 100% of its
intake.
The percentage of protein digestion by the intestinal lumen and
absorption of AA by the gut tissue itself was not measured in the
present study. Based on the literature we assumed that in healthy
intestine, the percentage of protein digestion and amino acid
absorption is nearly the same (around 95%) in the two test meals.32
This is supported by the fact that gut ammonia production was
comparable between the test meals, suggesting that the amount of
amino acids available for intra luminal bacteria was comparable.
Also, t50 of total net portal appearance was not different between
the gelatin and thewhey proteinmeal (data not shown), suggesting
that the digestion rates of gelatin andwhey protein are comparable.
Therefore, gelatin protein is the most optimal candidate to study
the effects of a low quality protein meal on gut and liver metabo-
lism. As the changes in PDV metabolism were mainly representing
changes in intestinal metabolism, we hypothesize that the differ-
ence between net intake and observed net portal release of AA is
the net fraction of AA that was utilized/oxidized by the intestine
itself.
4.2. Nitrogen metabolism
4.2.1. The absence of portal drained viscera anabolic state after
a low quality gel meal
The observed fraction of intestinal amino acid utilization/
oxidation after intake of the high quality Whey protein meal is in
linewith previous studies.6,10 Our present data show the absence of
AA utilization/oxidation after a low quality meal. In addition, the
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group and the tendency to release more EAA than was ingested
(124% of the intake) indicate that a single bolus meal of a very low-
quality meal with gelatin protein can induce net catabolism in the
intestine. Further studies with tracer amino acids are needed to
conﬁrm this hypothesis.
Remarkably, after 6 h the intestine was still releasing AA in the
Gel group in contrast to the high quality meal and the GelþTRP
group, suggesting that a catabolic state can be anticipated in a more
extended experimental period. Adding the deﬁcient amino acid
TRP to the Gel meal was enough to prevent the non-anabolic state
of the intestine. This suggests that in order to induce intestinal
anabolism, a protein meal should contain a complete essential
amino acid proﬁle or evenmaybe need a complete 20 AA’s proﬁle.20
TRP is for the intestine beside an EAA for protein synthesis also
a functional amino acid as it is a precursor for melatonin and
serotonin production.33,34 It is therefore unlikely that non-anabolicA
B
C
Fig. 6. Arterial tryptophan concentrations (A), gut ﬂuxes of tryptophan (B) and total
net balances (C), in post-absorptive state (Control) and during 6 h after administration
of Whey protein (Whey), gelatin (Gel) or gelatin þ tryptophan (Gel þ TRP) meals.
Values are mean  SEM. (A) and (B) time courses are tested with ANOVA. Signiﬁcant
meal effect (p < 0.05): (A) All time courses were different (B) Control vs. all meals;
Whey vs. all meals. (C): Signiﬁcance with Student t-test: p < 0.05, indicated with
hooks.responsiveness of the intestine is exclusively a TRP-phenomenon.
Previously we showed3 that a protein mixture without the essen-
tial amino acid isoleucinewas less utilized/oxidized by the intestine
and therefore is of less or no beneﬁt to the intestine.
4.2.2. Enhanced urea production by the in low quality meals
AA and ammonia released into the portal system are known to
stimulate urea production in the liver. Intestinal ammonia
production was comparable between all protein meals and there-
fore cannot explain the enhanced splanchnic urea production
during both Gel meals, resulting in enhanced systemic urea
concentrations. The total net intestinal amino acid nitrogen release
was elevated only in the Gel meal but not in the TRP supplemented
Gel meal. Although the time courses of the systemic AA_N
concentration were different between the high and low quality
meals, these observations do not explain the enhanced urea
production. Interestingly, the difference between the systemic
post-prandial increase in non EAA_N and EAA_N in the low quality
meals compared to the high qualitymeals was completely different.
The ratio non EAA_N/EAA_N of the post-prandial increase in the
low quality meals was 9.5  1.7 (Gel) and 8.0  1.7 (Gel þ TRP)
versus 0.7  0.2 in the high quality meal, 1 h after the meal
administration. This was not reﬂected by the ratio in the meals
itself: ratio non EAA_N/EAA_N in low quality meal was 4.8(Gel:
p ¼ 0.029, Gel þ TRP: p ¼ 0.001) versus 1.3 (p ¼ 0.029) in the high
quality meal. Therefore, it is more likely that the enhanced systemic
Non EAA_N concentration has driven the urea production. The ratio
was still very high and did not return to baseline values at the end
of the experiment. Furthermore, this hypothesis is supported by the
shape of the systemic urea time course. This time course was still
increasing at the end of the experimental period in the low quality
experimental groups.
4.2.3. Effects of splanchnic release of limited EAA_N on post-
prandial peripheral metabolism
Systemic (arterial) post-prandial amino acid concentrations are
the result of net splanchnic release of AA and whole body use of AA
for net protein synthesis. Post-prandial whole body protein
synthesis is stimulated by AA appearing into the systemic circula-
tion but also via the hormonal action of insulin.4,35 Splanchnic
extraction of AA coming from a meal is a major factor determining
systemic availability of AA for protein synthesis in the periphery.
The systemic AA_N, EAA_N and non EAA_N time courses were not
different between the low quality meals. Remarkably, the EAA_N
time courses were below baseline after T ¼ 2 h (ANOVA T ¼ 2e6 h.
Gel: p ¼ 0.011, Gel þ TRP: p ¼ 0.005). This suggests that, although
the intestinal amino acid metabolism was normalized by the TRP
supplementation and systemic TRP concentration were elevated,
other EAA_N amino acids in the Gel protein meals became limited
for the stimulated whole body net protein synthesis, due to the fact
that the ratio non EAA_N/EAA_N was still not optimal in these
meals. The below baseline values of the EAA_N, suggest that the
demand for EAA_N is higher than the splanchnic area can deliver.
4.3. Energy metabolism
The comparable responses in post-prandial splanchnic glucose
release indicate that net glucose metabolism in the splanchnic
region was not inﬂuenced by the quality of the protein but that
other processes in the periphery are responsible like an enhanced
insulin response in the TRP supplemented meal.25
In addition, net PDV production of lactate and alanine (products
of the post-prandial glucose glycolysis)36 was not different between
the test meals, and differences in alanine content between the test
meals had no effect on the net intestine production (data not
G.A.M. Ten Have et al. / Clinical Nutrition 31 (2012) 273e282 281shown). Therefore, we conclude that post-prandial intestinal
glucose glycolysis was not changed.
The amount of lactate taken up by the liver during a normal
high-quality meal was reduced, most likely due to inhibition of
gluconeogenesis by the increase of insulin. However lactate
(substrate for the gluconeogenesis) uptake in the low quality meal
was much higher and reached comparable levels as in the post-
absorptive state. This observation and the fact that a higher
systemic concentration of lactate was found indicates that more
lactate is produced in the periphery after intake of the low quality
meal, resulting in enhanced turnover in the Cori-cycle. Elevated
systemic lactate levels can stimulate gluconeogenesis (an energy
consuming process) despite the portal net glucose appearance. It
also indicates that a low quality meal can compromise metabolism
in the periphery (muscle) and result in higher post-prandial energy
expenditure. Metabolic studies on a muscle compartment are
necessary to conﬁrm this hypothesis. Interesting, adding the deﬁ-
cient amino acid TRP to this meal resulted in normalization of
lactate metabolism.
4.4. Gut health after a single low quality protein meal
CIT production of the intestine can be a marker for gut function/
health.30,31 In the present study, PDV CIT production was not inﬂu-
enced by either the quality of the meal or the available amount of
potential precursors in the meal (GLN, ARG or PRO), which suggests
that thehealthygut is able to compensate tokeep itsmajor functions
like CIT productionwhen a lowqualitymeal is given. It couldwell be
that in this situation the intestine is breaking down endogenous
proteins to secure continuity of protein synthesis of other endoge-
nous proteins which is necessary for the most important intestinal
function; absorption and barrier function. It is also possible that the
intestine is compensating for the higher demand for AA’s for
peripheral protein synthesis that is stimulated by the meal itself
(insulin). This supports the hypothesis that the intestine can act as
buffer/interface for systemic AA bio-availability for the rest of the
body in non-optimum food situations.11 Further studies with stable
isotopes of AA are necessary to conﬁrm this.
These data also support the hypothesis that the total amino acid
proﬁle of a proteinmeal determines the biological value of themeal
for the intestine and is independent of the sources of the
proteins.20,37 Therefore, it is important particularly in vegetarian
diets that a meal contains different protein sources to prevent that
a complete meal becomes of very low of quality because of one
deﬁcient EAA_N.
5. Conclusions
After a low quality protein meal, the healthy gut is not able to
generate an anabolic response. Our data suggest that in this situ-
ation, the intestine breaks down its own labile protein pool to
fulﬁll the increased systemic amino acid demand. Supplementa-
tion of the deﬁcient essential amino acid does improve intestinal
metabolism, but the next limiting amino acid will determine the
quality of the ingested protein for the remainder of the body. It is
likely that chronic intake of low quality proteins can lead to
exhaustion of the labile intestinal protein pool, possibly resulting
in reduced function of the gut and susceptibility to intestinal and
other disease states.
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